The human protein Polybromo-1 (PBMR1/BAF180) is a component of the SWI/SNF chromatin-remodeling complex that has been reported to be deregulated in tumors. However, its role in prostate cancer (PCa) is largely unknown. In this study, we described the PBRM1 transcriptional levels and the protein expression/localization in tissues of PCa patients and in prostatic cell lines. Increased PBRM1 mRNA levels were found in PCa samples, when compared to benign disease, and were correlated with higher Gleason score. We also verified that only the nuclear localization of PBRM1 protein is correlated with a more aggressive disease and high Prostate-Specific Antigen (PSA) levels in tissue microarrays. Intriguing expression patterns of mRNA and protein were identified in the cell lines. Although PBRM1 protein was restricted to the nuclei, in tumor cell lines in non-neoplastic cells, it was also present in vesicular-like structures that were dispersed within the cytoplasm. We knocked-down PBRM1 in the castration-resistant PCa (CRPC) cell line PC-3 and we verified that PBRM1 promotes the expression of several markers of aggressiveness, including EpCAM, TGF-β, and N-Cadherin. Therefore, our data supported the hypothesis that PBRM1 displays a pivotal role in the promotion and maintenance of the malignant behavior of PCa, especially in CRPC.
Introduction
Prostate cancer (PCa) is one of the most common cancers worldwide [1] , which is characterized by a heterogeneous, multifactorial, and multifocal disease, with few clear histopathological subtypes [2] . PCa cells. Finally, by knocking down PBRM1 in CRPC cells, we demonstrated its involvement in the EMT process and cell aggressiveness. Our results shed light on the molecular behavior of PBRM1 in PCa. In particular, our findings strive to understand the transcriptional consequences of alterations in chromatin-remodeling complexes and support the notion that PBRM1 plays a critical role in PCa.
Results
One of the previous findings that motivated this study is that PBRM1 can be found to be differentially regulated in cancer. Given the central role of PBRM1 in oncogenesis, and the lack of information regarding its behavior in PCa, we conducted experiments to elucidate the relevance of PBRM1 as a putative cancer driver in PCa. With this purpose, we started to analyze the expression of PBRM1, both at the transcriptional and translational levels and performed knockdown experiments aimed at understanding its role in CRPC. Consequently, we found that PBRM1 is increased at both transcriptional and translational levels in PCa and correlates with the aggressiveness of the disease. By using a PBRM1 knock down CRPC cell line (PC3 shPBRM1), we found that PBRM1 regulates the expression of EMT and CSC markers, thus enhancing PCa aggressiveness. Therefore, our data supported the hypothesis that the PBRM1, a unique component of the PBAF complex, is important in prostate malignant transformation and aggressiveness.
PBRM1 Expression in PCa Patients
A total of 40 patients were included in this study, and 27 (67.5%) of them had PCa and 13 (32.5%) had BPH (Table 1) . Patients' age did not differ between both groups. The mean Prostate-Specific Antigen (PSA) levels of patients with PCa and with BPH were 9.57 ng/mL and 8.57 ng/mL, respectively. Although PSA levels are routinely used as a diagnostic marker [34, 35] , there was no statistical difference between PCa and BPH. Table 1 . Patients' characteristics. Comparison of clinical and biochemical parameters were conducted between prostate cancer (PCa) (N = 27) and benign prostatic hyperplasia (BPH) patients (N = 13). The results indicated that patients' age and Prostate-Specific Antigen (PSA) levels did not differ between both groups.
Characteristics

PCa Patients BPH Patients p-Value
Age (years) Mean ± SD 65.6 ± 6.1 70. We subsequently quantified the mRNA levels of the PBRM1 gene in tissue samples of PCa and BPH patients (Table 2) . We observed that PBRM1 was 9.8-fold more expressed in PCa tissues when compared to BPH tissues through the Mann-Whitney test (MW). Regarding the tissue samples of PCa patients, the mRNA levels were higher in patients with Gleason score ≥ 7 (Table 2 , MW p = 0.04). Therefore, we performed a categorization of PBRM1 expression in PCa and BPH patients based on median value of mRNA levels, in order to compare the differences in transcript levels depending on their clinical and biochemical data. We have obtained a significant odds ratio of 8.33-fold in the PCa patients with Gleason score ≥ 7 (Table 2 , OR = 8.33, p = 0.02). However, the expression of the PRRM1 gene did not show differences upon BPH patients. 
PBRM1 Protein is Expressed in Nuclei, Cytoplasm and Membrane of PCa Tissues
PBRM1 expression was also evaluated by immunohistochemistry in tissue microarrays (TMAs) containing 66 samples from patients with PCa. PBRM1 protein was detected, not only in nuclei, but also in the cytoplasm and membrane ( Figure 1A-D) . The samples were further categorized by a pathologist, based on the intensity of staining (high and low) and analyzed by Fisher's exact test. High nuclear levels of PBRM1 were detected in patients with PSA ≥ 10 ng/mL ( Figure 1E ; p = 0.01) and with poorly differentiated tumors that presented a Gleason score ≥ 7 ( Figure 1E ; p = 0.002). Cytoplasmic and membrane staining did not show any significant correlation ( Figure 1E ). Taken together, these results indicate that a high expression of both PBRM1 mRNA and protein correlate with the aggressiveness of PCa, which therefore suggested that PBRM1 expression could be used as a negative prognostic factor for these tumors. 
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Western blotting and immunofluorescence analyses revealed that PBRM1 could be found in 
PBRM1 Expression in Prostate Cell Lines
Assays using prostate cell lines were performed to better understand PBRM1 behavior. We first analyzed the transcriptional levels of PBRM1 in three PCa cell lines, an androgen-sensitive PCa cell line, LNCaP, and two CRPC cell lines, PC-3 and DU-145. The non-tumorigenic prostate cell line RWPE-1 was used as the control. Higher mRNA levels of PBRM1 were detected in LNCaP cells when compared to the other cell lines (Figure 2A ). The PBRM1 mRNA levels were 2.3, 3.9, and 3.1-fold higher in LNCaP when compared to RWPE-1 (t test, p = 0.014), DU-145 (t test, p = 0.005), and PC-3 cells (t test, p = 0.007), respectively. On the contrary, the two CRPC cell lines, displayed lower levels of PBRM1 mRNA either when compared to LNCaP or RWPE-1 cells (Figure 2A ). Western blotting and immunofluorescence analyses revealed that PBRM1 could be found in different cellular compartments ( Figure 2B,C) . In RWPE-1 cells, PBRM1 was only identified in nuclei; whereas, in all the PCa cell lines, either androgen-responsive (LNCaP) or CRPC (DU-145 and PC-3), the protein was detected in nuclei and cytoplasm. Moreover, in all the three PCa cell lines, we observed that the cytoplasmic fraction of PBRM1 displayed a vesicular pattern. Taken together, these results suggest that PBRM1 localization and, specifically, both its nuclear and cytoplasmic localizations, may be related to prostate tumorigenesis.
Decreased Expression of PBRM1 Hampers PCa Aggressiveness
In order to describe the role of PBRM1 in PCa oncogenesis and progression, we established a PC-3 cell line stably knocked down for PBRM1 (PC-3 shPBRM1) and compared to a PC-3 cell line stably expressing a control shRNA (PC-3 shControl). We analyzed both PBRM1 mRNA levels by qRT-PCR and PBRM1 protein levels by Western blotting, which confirmed the success of silencing experiments ( Figure 3A,B) . Flow cytometry assay was performed to evaluate the effect of PBRM1 on the expression of several markers that were commonly studied to describe the EMT process, including E-Cadherin, Vimentin, and N-Cadherin [36] . The expression of the CSC marker, EpCAM [37] , was also measured by flow cytometry. We found that the expression of EpCAM and N-Cadherin decreased in PC-3 shPBRM1 ( Figure 3C,D) . On the contrary, the expression of Vimentin and E-Cadherin did not show differences upon PBRM1 knock down in the PC-3 cells. We also quantified the mRNA expression of TGF-β, a cytokine that has been also involved in the EMT process, by qRT-PCR [38] . TGF-β transcripts also decreased in PC-3 shPBRM1 ( Figure 3C ). Finally, by wound healing assay, PC-3 shPBRM1 cells displayed decreased migration properties when compared to their control cells (PC-3 shControl).
These results agree with the above findings in which PCa patients with a higher histological grading showed increased expression of PBRM1, indicating a tumor promoting function of PBRM1. Representative images, showing cells migrated at 0 h and after 24 h. *** p < 0.001 is significant. Three independent experiments were performed. Scale bar = 400 nm.
Discussion
PCa represents a public health concern. The major clinical problem relies on the management of patients that stop to respond to ADT upon the development of CRPC. CRPC is a lethal disease and the median survival of the patients is about 15-36 months [39] . CRPC is characterized by the sustained activation of the androgen receptor (AR) axis [40] . Although the etiology remains unknown, some evidences indicate the essential role of epigenetic modulation in CRPC [41, 42] .
The chromatin remodeler proteins regulate the accessibility of transcriptional factors to the DNA, thus controlling the gene expression and biological functions [43] . An aberrant expression or an aberrant modulation of chromatin remodelers allows for the cancer cell to reprogram its genome, thus resulting in the maintenance of the malignant phenotype [44] . Hence, the understanding of chromatin remodeler function is essential in order to unravel the mechanisms underlying the tumor promotion and, importantly, how different pathways are deregulated for progression and aggressiveness.
PBRM1 is a key component of the SWI/SNF chromatin-remodeling complex and it is widely considered as an oncosuppressor gene in various cancer types by virtue of its cell cycle regulation activity [21] . Although much effort has been devoted to understanding the PBRM1 function in renal cancer [25, [45] [46] [47] [48] [49] [50] , only incipient information regarding its role in PCa is available. To our knowledge, this is the first report that analyzed the transcriptional and protein expression levels of PBRM1 in patients with PCa and in prostatic cell lines and investigated putative molecular mechanisms that are modulated by PBRM1. In this research, we sought to systematically evaluate the correlation between PBRM1 and PCa occurrence and progression. Our findings provided complementary means of assessing the behavior of this protein in non-neoplastic prostate cells, androgen-sensitive PCa cells, and CRPC cells. Remarkably, in this manuscript, we succeed in demonstrating that PBRM1 expression is higher at both the transcriptional and protein levels in PCa. By means of its correlation with cell aggressiveness parameters, and according to our results of knockdown experiments, we suggest that PBRM1 represents a negative prognostic factor in PCa.
In the first part of this manuscript, we analyzed patients' samples and described that the transcriptional levels of PBRM1 were significantly higher in PCa tissues when compared to BPH tissues. Hence, PBRM1 transcript analysis can discriminate the benign samples from those with PCa. Notably, the transcriptional levels of PBRM1 correlated with Gleason score. By analyzing TMAs containing patients' PCa samples, we identified PBRM1 expression in nuclei, cytoplasm, and membrane of cancer cells. Interestingly, we observed that exclusively the nuclear localization of PBRM1 also correlated with PCa aggressiveness (higher Gleason score). Gleason score is an important histopathological analysis [47, 51] ; and, the higher the score, the more undifferentiated the lesion, which increases the chances of invasion and metastasis [52] . Markers that are correlated with Gleason score are generally associated with a worse prognosis and they may be potential targets for promising therapies [53, 54] . Our results agree with a previous work that demonstrated that PBRM1 expression is a negative prognostic factor in renal carcinoma [47] . Moreover, when considering the role of PBRM1 in modulating gene expression, our findings could indicate the regulation of different pathways that are driven by PBRM1 in promoting oncogene transcription in PCa.
Therefore, we have analyzed the transcriptional levels of PBRM1 in prostate cells and observed that higher mRNA levels were detected in LNCaP cells. Regarding the PBRM1 protein, we found that it was uniquely localized in the nuclear compartment of RWPE-1 cells. In the three PCa cell lines, it also strongly localized at the cytoplasmic level, demonstrating an intriguing behavior in PCa. Since it is well known that PBRM1 allows the transcription of several genes that are involved in the inhibition of cell cycle [21] , its nuclear localization in RWPE-1 cells suggests that, in non-tumor conditions, PBRM1 exerts a tumor suppressor function. PBRM1 localization in both nuclei and vesicular-like structures dispersed within the cytoplasm of all PCa cell lines (LNCaP, PC-3, and DU-145) could indicate that PBRM1 can complex with cytoplasmic transcription factors. Thus, these transcription factors could migrate to nuclei to bind different DNA regions, regulating the expression of genes that are involved in tumor promotion and progression. Eventually, PBRM1 in the cytoplasm could also participate in signaling events not yet known.
The study of PBRM1 expression in prostate cell lines also revealed information regarding PBRM1 protein stability among different subtypes of PCa. We observed that, when compared to the non-tumorigenic cell line, RWPE-1, PBRM1 transcriptional levels were higher in the androgen-sensitive PCa cell line, LNCaP, and lower in the two CRPC cell lines, PC3 and DU-145. Subsequently, we observed a discrepancy between the transcriptional and protein levels of PBRM1. The PBRM1 protein levels were higher in all the three PCa cell lines when compared to the RWPE-1 cells. Hence, despite the low mRNA levels, the PBRM1 protein accumulated in the two CRPC cell lines, PC3 and DU-145. This finding could indicate that the PBRM1 protein displays a higher stability in CRPC cells contributing to PCa progression. Alternatively, translational rate of PBRM1 mRNA in CRPC cells may be higher when compared to the LNCap and RWPE-1 cells in order to modulate tumorigenesis.
The malignant behavior of PBRM1 in CRPC cells was confirmed by establishing a PC-3 cell line that was stably knocked down for PBRM1 (PC-3 shPBRM1). As a matter of fact, we confirmed that PBRM1 triggers the EMT process and therefore participates in the maintenance of the aggressive phenotype of CRPC cells. The decreased expression of PBRM1 led to a significant decrease of the EMT markers, N-Cadherin, and TGF-β [38, 55] . N-Cadherin is considered to be a crucial protein in the acquisition and maintenance of the aggressive phenotype; it displays a pivotal role in metastasis formation and in the acquisition of resistance to castration [56, 57] . TGF-β is a cytokine that promotes invasion and metastasis in the later stages of PCa and, indeed, its signaling increased in CRPCs [58, 59] . We also observed a decrease in the CSC marker, EpCAM, which has been previously associated with an increased metastatic potential of PCa cells [37] . We infer that PBRM1 displays a pivotal role in CRPC modulating EMT and CSC markers, which makes it a target for inhibiting PCa aggressiveness.
In this study we succeed in showing the PBRM1 expression levels and its clinical relevance in PCa. Moreover, we described the function of PBRM1 in inducing the aggressiveness of PCa by demonstrating its involvement in the expression of the EMT and CSC markers. The identification of oncogenic pathways that are modulated by PBRM1 could lead to alternative strategies in the treatment and diagnosis of PCa. Moreover, further studies on PBRM1 deregulation and its associated pathways could contribute to better understanding the pathogenesis and aggressiveness of PCa, especially CRPC.
Materials and Methods
Patients' Samples
This work was developed at the Laboratory of Nanobiotechnology of the Federal University of Uberlandia (UFU), together with the Urology Service of the University's Clinical Hospital. All of the experiments were performed in accordance with relevant guidelines and regulations. The study was For transcripts quantification, forty tissue samples were obtained from 27 PCa patients that were submitted to radical prostatectomy and 13 BPH patients submitted to transurethral resection. IMMULITE 1000 System (Siemens Healthcare Diagnostics Inc., Munich, Germany) was used for quantitative detection of PSA levels, when considering normal values between 0 and 4.0 ng/mL. The patients were categorized as high or low PSA by using two different cut-off values: 4 and 10 ng/mL [53] . Eligible men were those who were not submitted to neo-adjuvant chemotherapy, radiation, or hormonal therapy.
Prostate Cell Lines
For this study, four prostate cell lines that were obtained from ATCC were used after authentication through STR analysis: a non-tumorigenic prostate cell line (RWPE-1), an androgen-responsive cell line (LNCaP), and two CRPC cell lines (PC-3 and DU-145). The non-tumorigenic lineage was cultivated in Keratinocyte Serum-Free Medium (KSFM) that was supplemented with 5.0 ng/mL of Epidermal Growth factor (EGF) and 0.05 mg/mL of pituitary extract. The PC-3 and LNCaP cells were maintained in RPMI 1640 medium, and DU-145 cells were cultivated in Dulbecco Modified Eagle Medium (DMEM). All media contained 10% of fetal bovine serum (FBS) and 50 µg/mL of gentamicin. Cells were cultured until 80% confluence for further analyses.
RNA Extraction and Reverse Transcription
Total RNAs from the tissue samples and cell lines were extracted using Trizol Reagent (Invitrogen, Carlsbad, CA, USA), following the manufacturer's instructions. The RNA concentration and quality were analyzed in 1.5% agarose gel stained with GelRed 1X (Uniscience, Sao Paulo, Brazil), and spectrophotometrically by absorbance readings at 260 and 280 nm.
Reverse transcription was performed while using 1 µg of total RNA, 10 U RNaseIN (Invitrogen), 40 U of MMLV-RT (Invitrogen), 1X MMLV-RT buffer (Invitrogen), 200 µM of dNTPs (dGTP, dATP, dTTP and dCTP), and 126 pmols of random hexamers (Invitrogen). The reactions were performed at 37 • C for 1 h, followed by a denaturation step at 95 • C for 5 min.
Quantification of PBRM1 Transcripts
Real-time PCR was performed while using an ABI PRISM 7300 Sequence Detection System (Applied Biosystems, Carlsbad, CA, USA), and primers were designed for PBRM1 gene (5 -CCATATCACTACAACAGATCCGAAC-3 , and 5 -ATATCGTCTCTCCTGGCAAGC-3 ) and for TGF-β gene (5 -GTACCTGAACCCGTGTTGCTC-3 , and 5 -CAGGAATTGTTGCTGTATTTCTGG-3 ). Beta-2-microglobulina (B2M) gene served as a reference gene for relative quantification and the primers were published previously [60] . The mRNA levels of B2M were not significantly altered across our groups, making it suitable as a housekeeper gene.
Each sample was tested in triplicate in a reaction containing 5.0 µL of Power SYBR Green PCR Master Mix (Applied Biosystems), and 0.5 µM of primers. Standard relative curves were performed to validate the 2ˆ−∆∆Cq comparative method.
Immunohistochemistry
Tissue microarrays (TMAs) of 66 PCa tissues were used for immunohistochemistry. The patients' ages ranged from 44 to 78 years (mean: 60.97 years ± 8.23). The average of PSA serum levels before surgery was 6.3 ng/mL (± 5.33 ranging from 0 to 24 ng/mL) and post-surgery was 0.16 ng/mL (± 0.71 ranging from 0 to 4.64). Based on Gleason histological classification, the patients were categorized in the low Gleason group, when displaying a Gleason score < 7 (45.5%) and in the high Gleason group when displaying a Gleason score ≥ 7 (55.5%).
Immunohistochemistry reactions were carried out by the following steps: incubation with citrate buffer 6 M for 1 h at 90 • C for antigen retrieval; peroxidase blockage with H 2 O 2 3% in water for 30 min., followed by blockage of unspecified sites with PBS/BSA 10 % for 1 h at room temperature. The slides were incubated for 16 h with anti-PBRM1 (Sigma, AMAb90690, St. Louis, MO, USA) at 1:25 dilution. Next, the slides were incubated with Novolink™ Max Polymer Detection System (Leica Biosystems, Newcastle, UK), revealed with diaminobenzidine substrate solution (DAB, Sigma), and counterstained with hematoxylin. The control sections were only incubated with PBS. The photomicrographs were made by the software HLImage (Western Vision Software, Salt Lake City, UT, USA), and nuclear, membrane, and cytoplasmic staining of PBRM1 were analyzed by a pathologist blinded to patient information.
PBRM1 Knockdown
Lentiviral particles encoding a scrambled shRNA sequence (1.0 × 10 5 IFU; shControl, sc-108080, Santa Cruz Biotechnology, Dallas, TX, USA) or a pool of lentiviral particles encoding four shRNAs specific for PBRM1 knockdown (1.0 × 10 5 IFU; shPBRM1, sc-76075-V, Santa Cruz Biotechnology) were used. The PC-3 cells were previously incubated with Polybrene at 5 µg/mL (Santa Cruz Biotechnology) and subsequently transduced with the viral particles. Clones expressing the shPBRM1 were selected by using 5 µg/mL of puromycin as a selective agent (Santa Cruz Biotechnology).
Cell Lysis and Western Blotting
The nuclear and cytoplasmic protein extracts were obtained from 5 × 10 5 RWPE-1, LNCaP, DU-145, and PC-3 cells, by the aid of NE-PER Nuclear and Cytoplasmic Extraction Reagent kit (Thermoscientific, Dallas, TX, USA), following the manufacturer's instructions. Protein concentration was measured by BCA (BCA™ Protein Assay; Thermo Scientific™ Pierce™, Dallas, TX, USA).
The proteins were separated in a 10% polyacrylamide gel and transferred onto nitrocellulose membrane (Hybond, GE Healthcare, Chicago, IL, USA). Membranes were blocked for 1h with PBS-5% milk and subsequently incubated with anti-PBRM1 (rabbit polyclonal, 1:1000, A301-591A Bethyl, Montgomery, TX, USA), anti-Actin (mouse monoclonal; 1:3000; AC-74, Sigma), and anti-Lamin B2 (mouse monoclonal; 1:2000; SAB2702205, Sigma). Finally, HRP-conjugated goat anti-rabbit IgG (1:1000, Thermoscientific, G21234) was used and the proteins were detected by chemioluminescence (ECL detection reagents ® -GE HealthCare) on autoradiographic films (GE HealthCare).
Immunofluorescence
RWPE-1, LNCaP, DU-145, and PC-3 cells were fixed with 3 % paraformaldehyde and permeabilized by using PBS 0,1 % Triton. The cells were incubated with anti-PBRM1 antibody (1:50, Sigma, AMAb90690) and subsequently with a FITC-conjugated goat anti-mouse IgG (1:100, Sigma, F0257). The nuclei were counterstained with TO-PRO-3 ® Iodide (1:500, Invitrogen). Cell staining was analyzed by confocal microscopy (Zeiss LSM510, Carl Zeiss AG, Oberkochen, Germany).
Flow Cytometry
The cells were fixed and permeabilized by Cyto Fix/Cyto Perm kit to verify the level of EMT and CSC markers (BD PharmingenTM, San Jose, CA, USA). Subsequently, the cells were incubated with anti-EpCAM-APC (5:100; 324208, Biolegend) and anti-Vimentin-Alexa Flour 488 (5:100; 562338, BD Biosciences, San Jose, CA, USA). Cells were also stained with anti-N-Cadherin (1:100; 333900, Thermo Fisher, Waltham, MA, USA), followed by incubation with PE-conjugated goat anti-mouse IgG (1:100; M30004-1, Invitrogen), and with anti-E-Cadherin (1:100, 491009, Invitrogen), followed by incubation with FITC-conjugated goat anti-rabbit IgG (1:100; 656111, Invitrogen). As controls, the cells were stained with APC Mouse IgG2b, κ (5:100; 400322, Biolegend, San Diego, CA, USA), with Alexa Fluor 488 Mouse IgG1 κ (5:100; 557721, BD Biosciences), with PE-conjugated goat anti-mouse IgG (1:100; M30004-1, Invitrogen) or with FITC-conjugated goat anti-rabbit IgG (1:100; 656111, Invitrogen). Flow Cytometry analyzed the cells (Accuri C6, BD Pharmingen™).
Wound Healing Assay
Cell migration was measured in a classical wound healing assay [61] . The assay was performed in triplicate by comparing the PC-3 shControl and PC-3 shPBRM1 cells. A total of 3 × 10 6 cells/well were seeded onto six-well plates. Pictures of the wounds (10×) were taken at times 0 and 24 h in serum-free medium (EVOS ® , AMG).
Statistical Analysis
The statistical analyses were performed using the software GraphPad Prism 7.0 (GraphPad Software Inc., La Jolla, CA, USA). The differences in transcriptional levels were evaluated by using Mann-Whitney test and χ 2 test in order to verify the efficacy in discriminating PCa vs BPH groups. To verify the consistency in response across two variables, it was established a cut-off value for Odds ratio (OR) analysis. For protein staining data, the χ 2 test was used to evaluate the significance. The results that were obtained for cell lines were analyzed by using the Student's T-test. Statistical significance was considered when p < 0.05.
Conclusions
Taken together, our results corroborate the association of PBRM1 with PCa progression. High transcription and translation levels of PBRM1 were associated to higher Gleason score. Moreover, we showed that PBRM1 displays tumor-progression activity in PCa by enhancing the EMT process and the expression of CSC markers. Therefore, our data supported the hypothesis that the PBRM1, which is a unique component of the PBAF complex, is important in prostate malignant transformation and aggressiveness. 
